Nitrogen runoff from pastures fertilized with animal manure, such as poultry litter, can result in accelerated eutrophication. The objective of this study was to evaluate the long-term effects of grazing management and buffer strips on N runoff from pastures fertilized with poultry litter. A 12-yr study was conducted on 15 small watersheds in Booneville, AR, using five management practices: continuous grazing, haying, rotational grazing, rotational grazing with an unfertilized buffer strip, and rotational grazing with a fenced unfertilized riparian buffer. Poultry litter was applied annually at a rate of 5.6 Mg ha −1
pollution can be harmful to humans and other mammals. After the Safe Drinking Water Act was passed by Congress in 1974, the USEPA determined maximum levels of contaminants in drinking water at which health was not threatened. The maximum contaminant level for NO 3 -N in drinking water was determined to be 10 mg L −1 (USEPA, 2016b) . According to the USEPA (2016a), grazing management, conservation buffers, and control of erosion and sediment load are agricultural management practices that protect water quality. Heavy and continuous grazing can accelerate soil compaction, promote higher erosion, and increase sediment, nutrient, and metal runoff (Hubbard et al., 2004; Pilon et al., 2017a Pilon et al., , 2017b . Pilon et al. (2017b) observed an increase in soil compaction with consequent higher sediment delivery in runoff when paddocks were continuously grazed over 12 yr. Moreover, results from the same research indicated higher concentration of metals in runoff from continuously grazed pastures (Pilon et al., 2017a) . Strategies to manage grazing practice have been widely studied, and rotational grazing has been shown to be a beneficial strategy to reduce losses of sediment and nutrients from the field to streams by decreasing the amount of bare ground (Gilley et al., 1996; Haan et al., 2006; Pilon et al., 2017a Pilon et al., , 2017b ). However, a broad review from Briske et al. (2008) demonstrated that rotational grazing was not a superior strategy to continuous grazing. Specifically, the authors compared results of experimental grazing research and >85% of total experiments indicated that continuous grazing resulted in higher or equal plant production and animal weight gains compared with rotational grazing strategy.
Conservation buffers have a positive impact on water quality by trapping sediment and nutrients before they move down to streams (Lowrance et al., 1997; Lovell and Sullivan, 2006; Pilon et al., 2017b) . Vegetated buffers are efficient in retaining N; however, the effectiveness is dependent on site-specific conditions, such as hydrology, climate, soil, and buffer type (herbaceous or woody) and width (Chaubey et al., 1994; Mayer et al., 2006) . Unrestricted grazing in riparian buffer areas decreases their efficiency to trap sediment and retain nutrients due to increased soil compaction from animal trampling and reduced ground cover (Butler et al., 2006) . Installation of fencing to prevent cattle from grazing the buffers is an alternative to protect riparian buffers (Agouridis et al., 2005; Pilon et al., 2017b) . Research by Muenz et al. (2006) conducted in Early County, Georgia, indicated that sites with fenced buffer strips had improved water quality with lower concentrations of suspended solids and N in runoff than sites with unbuffered strips, where cattle had unrestricted access.
As grazing management practices are an example of a source factor that influences N runoff from fields, understanding the response of pasture properties, such as runoff and nutrient loads, to diverse grazing management strategies in pastures fertilized with poultry litter is necessary. There is little doubt that relating pasture management to nutrient runoff would be beneficial for achieving maximum agricultural protection and minimal nonpoint pollution from terrestrial to aquatic ecosystems. Therefore, the objectives of this study were to evaluate the long-term effects of grazing management and buffer strips on N runoff from pastures fertilized with poultry litter. Earlier research on these watersheds has shown that buffer strips and grazing management practices can have significant and positive effects on both soil erosion (Pilon et al., 2017b ) and metal runoff (Pilon et al., 2017a) .
Materials and Methods
A long-term field study was conducted from 2004 to 2015 at the USDA-ARS Dale Bumpers Small Farm Research Center in Booneville, AR (35°10¢ N, 93°93¢ W; 150 m asl) near the Petit Jean River. For additional information on this study, see Pilon et al. (2017a Pilon et al. ( , 2017b . The site has an average slope of 8%, and the soil series are mapped as Enders silt loam (fine, mixed, active, thermic Typic Fragiudults) and Leadvale silt loam (fine-silty, siliceous, semiactive, thermic Typic Fragiudults), with Enders prevailing at the top and Leadvale at the bottom of the slope (USDA Soil Conservation Service, 1977) . Fifteen watersheds were built to establish five grazing management and buffer strip strategies with three replications in a completely randomized design. Treatments consisted of watersheds that were hayed only (H), continuously grazed (CG), rotationally grazed (R), rotationally grazed with an unfertilized buffer strip (RB), and rotationally grazed with a fenced unfertilized riparian strip (RBR). Pastures from treatment H were cut three times annually in April, June, and October to a height of 10 cm using a 23-cm CLAAS rotary hay mower. The CG plots were grazed continuously by one or two calves throughout the 12-yr experiment, with animals being taken out of the paddocks occasionally for winter crop establishment for the first 4 yr (2004) (2005) (2006) (2007) . The R plots were rotationally grazed by three calves according to forage height measurements taken with a disc meter in six portions of each plot, with two readings at the top of the slope, two at the middle, and two at the bottom of the slope. Calves were placed in the paddocks when forage height was 20 to 25 cm and were taken out when forage height was 10 to 15 cm. The RB plots wa rotationally grazed as described above for the R treatment but had a 15.3-m-long unfertilized buffer strip at the bottom of the slope, which would fit the USDA National Resources Conservation Service (NRCS) description for a field border (Conservation Practice Standard [CPS] 386; USDA-NRCS, 2011). The RBR plots were rotationally grazed according to the R treatment but had a 15.3-m unfertilized fenced riparian buffer planted with four sapling white oak (Quercus alba L.), four green ash (Fraxinus pennsylvanica Marshall), and four pecan [Carya illinoinensis (Wangenh.) K. Koch] trees in each plot. This buffer simulates the USDA-NRCS description for a riparian forest buffer (CPS 391; USDA-NRCS, 2011) and was fenced to exclude cattle.
Prior to this study, the pasture had not been rotationally grazed or received poultry litter for >10 yr. In May 2003, after the watersheds were constructed and before the treatments were established, all plots were fertilized with 280 kg ha −1 of 20-10-10 (N-P-K). The predominant forage at the site was common bermudagrass (Cynodon dactylon L.). Winter crops were planted parallel to the site slope using 9-cm spacing in October of the (34-0-0 NH 4 NO 3 ) subsequently to the winter crops planting. In 2008, this management was discontinued since the animals were off the watersheds for prolonged periods, affecting the grazing treatments. After 2008, the plots were composed of bermudagrass and received only poultry litter as a nutrient source. Cattle in the CG watersheds were supplied with additional hay in the winter.
Broiler litter was land applied at a rate of 5.6 Mg ha −1 in April or May of each year. Since poultry litter was omitted in the buffered areas of RB and RBR treatments and application rates were identical on an aerial basis, RB and RBR watersheds received 658 kg plot −1 , whereas H, CG, and R watersheds received 794 kg plot −1 . Broiler litter was obtained annually from a commercial broiler farm near Booneville. Prior to every application, litter samples were analyzed for moisture, total N (TN), total organic C (TOC), NH 4 -N, NO 3 -N, pH, and electrical conductivity (Table 1) . Total N and TOC were determined by combustion of the litter using a Vario Max CN analyzer (Elementar Americas). Both NO 3 -N and NH 4 -N were determined using a 1:10 litter/ water extraction (Self-Davis and Moore, 2000) followed by colorimetric analysis on a Skalar analyzer. Nitrate was analyzed by the Cd-reduction method according to American Public Health Association Method 418-F (APHA, 1992), whereas NH 4 -N was analyzed by the salicylate-nitroprusside USEPA Method 351.2 (USEPA, 1979). The pH and electrical conductivity were measured on a subsample of the 1:10 litter extraction.
The total area of each watershed was 0.14 ha (25 m wide and 57 m long). These watersheds were hydrologically isolated from each other by earthen berms that were constructed with offsite soil. Additionally, barbed-wire fences were added on top of each of the berms. The bottom of each watershed narrows to a point containing a covered 30.5-cm H-series fiberglass flume equipped with a pressure transducer for measuring runoff volumes. The transducer is connected to a housed automatic water sampler (American Sigma Corporation), which was programmed to automatically collect 100 mL of sample for analysis from every 94.7 L of runoff.
Background runoff volumes were recorded in 2003 with an average for all 15 plots of 2.13 mm. After rainfall events, runoff water samples were analyzed for TN, NO 3 -N, NH 4 -N, and TOC. For TOC, concentrations and loads are presented from 2009 to 2015.
Total N and TOC in runoff samples were determined with a Shimadzu TOC-L series with a TN-L unit (Shimadzu Corporation) on unfiltered samples. Samples for NO 3 -N and NH 4 -N were vacuum filtered through a 0.45-mm filter and run on the Skalar using the same methods as for the litter samples described above.
Animal days of grazing were obtained by multiplying the number of animals by the duration (d) they were in the field grazing ( Table 2 ). The 12-yr averages for animal days were 144, 142, 124, and 247 for R, RB, RBR, and CG, respectively (Pilon et al., 2017b) .
Precipitation and temperature data were collected from the National Climatic Data Center website (NCDC, 2016), using a single station located ?900 m from our research site. These climatic conditions at our field during the 12-yr (2004-2015) research were reported by Pilon et al. (2017b) .
Analysis of variance was performed to evaluate temporal and grazing management effects on concentrations and loads of N (per fraction) and TOC using JMP Pro 11 (SAS Institute, 2014) . Years and grazing management practices were considered as fixed effects. Replications and replication ´ treatment interactions were considered as random effects. When appropriate, means were separated by Fisher's LSD post hoc test at the 0.10 probability level.
Results and Discussion
Precipitation varied across years. Annual precipitation was highest in 2009 with 2067 mm and lowest in 2005 and 2010 with 762 and 851 mm, respectively (detailed in Pilon et al., 2017b) . There was an unusual drought in 2010 where the monthly precipitation varied from 27 to 121 mm (Pilon et al., 2017b) . This severe drought resulted in lower runoff volumes, as well as lower concentrations and loads of N in runoff (Tables 3 and 4 Concentrations of organic N, NO 3 -N, and TOC were significantly affected by the year ´ grazing management interaction (Table 3) . However, TN concentrations were significantly affected by grazing management and years separately (Fig. 1) , whereas NH 4 -N concentrations were affected only by year (Fig. 2) .
Total N concentrations for the R watersheds were significantly higher than the other grazing management practices (Fig. 1A) . For example, TN concentrations for the R plots were 38 and 32% higher than RB and RBR plots, respectively. Moreover, TN concentrations in runoff varied over the years (Fig. 1B) . Highest concentrations were observed in 2007, 2013, and 2014, whereas 2010 and 2012 resulted in the lowest concentrations across all grazing management practices.
Organic N represented the largest fraction of TN in poultry litter, ranging from 81 to 92% depending on the year (Table 1) . Generally, the largest fraction of TN in runoff was also organic N (Table 3) . Mean concentrations varied from close to zero in 2010 to 5.08 mg L −1 in 2014. Overall, the R watersheds resulted in higher organic N concentrations than the other grazing managements. For instance, organic N concentrations were significantly higher for the R plots than for the plots that were also rotationally grazed but had a buffer strip at the bottom of the slope (RB), specifically in 2007, 2011, and 2014 (Table 3) .
Organic N in poultry litter is a very labile source of N, particularly in warm, moist climates such as Arkansas. Some nutrient management planners assume that only half of the N in poultry litter is plant available during the first year after litter is applied. However, Moore and Edwards (2005) showed that forage yields from plots fertilized with poultry litter applied were equal to or greater than that with commercial N fertilizer applied at the same TN rate. These results indicate that decomposition of organic N in poultry litter to NH 4 + and/or NO 3 − occurs fairly rapidly. The second largest fraction of TN in poultry litter is the NH 4 + . When litter is land applied, NH 4 -N can be transported in runoff, volatilized as NH 3 , converted into NO 3 -N through the nitrification process, or taken up by plants (Kulesza et al., 2014) .
Mean concentrations of NH 4 -N in runoff varied from nearly zero in 2010 to 3.97 mg L −1 in 2013 (Fig. 2) . Poultry litter also varied in NH 4 -N concentration over the years (Table 1) , and other factors, such as time of rainfall after litter application, may have affected NH 4 -N concentrations in runoff samples. When rainfall events do not occur immediately after litter application, it allows more of the NH 4 -N fraction to volatilize as NH 3 to the atmosphere. Additionally, when there is a long period between application of litter and a runoff event, there is sufficient time for nitrification of NH 4 forms of N, leading to decreased NH 4 -N concentrations in the runoff samples.
Mean NO 3 -N concentrations in runoff were generally higher than NH 4 -N across all grazing management treatments, except for 2013 (Table 3 , Fig. 2 ). Poultry litter had much lower concentrations of NO 3 -N than NH 4 -N in the samples from all years (Table 1) . However, soil conditions of temperature, moisture, and bulk density likely resulted in nitrification, resulting in higher concentrations of NO 3 -N in runoff, as compared with NH 4 -N (Table 3, Fig. 2 ). On average, across the years, R watersheds had R  108  99  152  235  214  244  132  66  84  128  156  107  144  RB  108  97  129  220  236  240  132  68  84  123  156  107  142   RBR  104  92  120  201  190  168  103  66  84  100  156  101  124   H  0  0  0  0  0  0  0  0  0  0  0  0  0  CG  118  91  149  290  269  284  355  365  365  357  359  286 247 † R, rotational grazing; RB, rotational grazing with a buffer strip; RBR, rotational grazing with a fenced riparian buffer; H, haying; CG, continuous grazing. 5.71 † CG, continuous grazing; H, haying; R, rotational grazing; RB, rotational grazing with a buffer strip; RBR, rotational grazing with a fenced riparian buffer. ‡ Zero values were rounded zeros due to a low magnitude. § Least significant difference for the treatment factor within each year at a probability of 0.10.
higher NO 3 -N concentrations in runoff than RB, RBR, and CG watersheds. Specifically, NO 3 -N concentrations were significantly higher for the R plots than the RB plots in 2007 and 2014, which indicates the benefit of the implementation of a buffer strip in a pasture that is under rotational grazing management. Significantly higher NO 3 -N concentrations were also observed for R treatment compared with the CG treatment in 2005 and 2014 (Table 3) . These results were unexpected since rotational grazing is generally considered to be more beneficial for the environment than continuous grazing or overgrazing, due to less soil erosion (Pilon et al., 2017b) . It is unclear why rotational grazing resulted in the highest N runoff in this study. Continuous grazing systems may result in more favorable water quality (e.g., TOC and N loading) than rotational grazing systems, albeit animal weight per land area and grazing duration must be taken into account, as animal density and available forage will greatly influence soil cover, which will influence surface flow dynamics (Table 2; Briske et al., 2008) .
The presence of a simple unfertilized buffer strip at the bottom of the slope minimized NO 3 -N loss in runoff, although the table 4. Year × grazing management strategy interaction for loads of total n), organic n, and no 3 -n in runoff samples. 1.79 † CG, continuous grazing; H, haying; R, rotational grazing; RB, rotational grazing with a buffer strip; RBR, rotational grazing with a fenced riparian buffer. ‡ Zero values were rounded zeros due to a low magnitude. § Least significant difference for the treatment factor within each year at a probability of 0.10. concentrations from all treatments never exceeded 10 mg L −1 , the maximum contaminant level for NO 3 -N in drinking water (USEPA, 2016b) .
Total organic C content in the poultry litter ranged from 22 to 30% (Table 1) . Total organic C concentrations in runoff were significantly different among grazing management practices only in 2010, 2013, and 2014 (Table 3 ). For these 3 yr, the highest TOC concentrations were observed for R watersheds compared with the other grazing management treatments, mainly the RB treatment. Unfertilized buffer strips and fenced, unfertilized riparian buffers resulted in lower TOC concentrations in runoff waters from fields fertilized with poultry litter and with cattle present. High TOC concentrations may impair habitability of aquatic organisms due to O 2 depletion caused by microorganisms (SEPA, 2016) . In addition, high TOC concentrations in runoff to waterways may encourage growth of mainly anaerobic bacteria, which produce toxins harmful to aquatic species (SEPA, 2016) . Although there is no criterion for maximum contaminant level of TOC in drinking water or for freshwater fish in the United States, the reduction in TOC in waterways is extremely important to preserve fish and other aquatic life.
Total N, organic N, and NO 3 -N loads in runoff were affected by the year ´ grazing management interaction (Table 4) , whereas NH 4 -N and TOC loads were only affected by year and grazing management practices separately (Fig. 3 and 4) . Total N loads were significantly higher for R watersheds than RB watersheds in 2007, 2011, 2014, and 2015 (Table 4) . On average, across years, the presence of an unfertilized buffer strip (RB) or an unfertilized fenced riparian buffer strip (RBR) at the bottom of the slope in rotationally grazed watersheds decreased TN loads by 44 and 54%, respectively, in relation to R watersheds. Runoff volumes were not significantly different between R and RB watersheds (Pilon et al., 2017b) . However, the decrease in TN concentrations observed in runoff with an unfertilized buffer strip used in conjunction with rotational grazing resulted in a significant decrease in the TN load (Table 4 , Fig. 1A) .
Continuously grazing watersheds surprisingly resulted in lower TN loads than rotational grazing watersheds in years such as 2011, 2014, and 2015 , although these two grazing managements did not significantly differ in runoff volume (Table 4 ; Pilon et al., 2017b) . These results are in agreement with Briske et al. (2008) , where the authors conclude that there is no consistent or strong evidence that rotational grazing has more benefits than continuous grazing to improve plant and animal production or for the environment. Although rotational grazing had more animals per area when grazing was occurring, the actual number of animal days of grazing over the years was much higher for the continuous grazing (average = 274) than the rotational grazing (average = 144, Table 2 ). Animals grazed much more on the continuous grazing paddocks than the rotational grazing paddocks, yet N runoff was lower.
One possible explanation for higher N and C runoff from R pastures than CG pastures may be the trampling of plants in the R watersheds. The R watersheds typically had much greater standing biomass than the CG treatment. Thus, when cattle were placed in the R paddocks, more plants may have been trampled and physically broken down than in the CG watersheds. Since R pastures were grazed more in wetter periods of the year due to faster plant growth at this time, the trampling of plant material was likely to occur at the time of year when runoff was occurring, resulting in higher TN loads.
One alternative to reduce N and C runoff in pastures under rotational grazing management is the implementation of a buffer strip at the bottom of the slope. Results from this research indicated that both an unfertilized buffer strip (RB) and a fenced unfertilized riparian buffer (RBR) were suitable to decrease N and C concentrations from pastures that are rotationally grazed. Total N loads varied across the years; however, significantly higher loads were observed in 2008, 2009, 2011, and 2015 (Table 4) , which were also the years with higher runoff volumes across all grazing management practices (Pilon et al., 2017b) . It is well known that there is typically more nutrient runoff when runoff volumes are higher.
Similar to trends observed for TN loads, R watersheds resulted in higher loads of organic N in runoff when compared with RB watersheds, especially in 2009 RB watersheds, especially in , 2011 RB watersheds, especially in , 2014 RB watersheds, especially in , and 2015 (Table 4 ). In addition, across all grazing management practices, 2008, 2009, and 2011 were the years with highest organic N loads in runoff, which also coincided with years of high runoff volume and TN loads (Table 4 ; Pilon et al., 2017b) .
Ammonium loads were significantly lower for H, RBR, and RB watersheds and higher for CG and R watersheds (Fig. 3A) . Rotational grazing with a riparian buffer decreased NH 4 -N loads by 48% compared with rotational grazing without a buffer strip. These riparian buffer strips on watersheds were fenced, excluding cattle from that area. On the other hand, under R management, cattle had access to the whole watershed, including near the flume where runoff samples were collected. Cattle manure at the bottom of the watersheds may have contributed to higher NH 4 -N loads on R watersheds. The dominant form of N in animal manure and urine is urea, which is converted to NH 4 -N via urease enzymes or bacterial degradation. Loads of NH 4 -N were also affected by years, with higher NH 4 -N loads in 2009, 2011, and 2015 (Fig. 3B ). These years also had high runoff volumes and TN loads (Table 4 ; Pilon et al., 2017b) .
Variability in NO 3 -N loads in runoff was also observed across years and grazing managements (Table 4 ). The years 2009 and 2015 had the overall highest NO 3 -N loads (Table 4) . This is not surprising, since these 2 yr had the highest runoff volumes across this 12-yr research (Pilon et al., 2017b) . Although runoff volumes did not significantly differ between R and RB plots (Pilon et al., 2017b) , NO 3 -N loads were generally lower for RB watersheds then R watersheds over the study period, particularly in 2007, 2014, and 2015 (Table 4) .
Likewise, rotational grazing also resulted in significantly higher TOC loads than the other pasture management practices (Fig. 4A ). For example, TOC load was 32 and 51% lower in the RB and RBR treatments, respectively, when compared with R watersheds without a buffer strip. Moreover, the highest TOC loads were in 2009 and 2011, followed by 2015 (Fig. 4B) , which is likely related to the high precipitation and runoff from these years as previously described (Pilon et al., 2017b) .
Although rotational grazing management has several benefits, including decreased soil erosion (Pilon et al., 2017b) , reduced metal runoff (Pilon et al., 2017a) , and availability of high-quality forage (Undersander et al., 2002) , this 12-yr study has shown that this management practice did not effectively reduce N losses in runoff when compared with continuous grazing. Several studies also indicated that rotational grazing strategy was not superior to continuous grazing, regardless of stocking rate (reviewed in Briske et al., 2008) . The rotational grazing resulted in higher concentrations and loads of N for all N forms measured in runoff samples compared with the other grazing management practices. We suggest that it may have been a combination of factors, including plant tissue degradation by hoof action and fresh manure deposition from three animals (as opposed to only one animal in the CG treatment) in wetter periods when runoff was higher. Whatever the cause, using unfertilized buffer strips helped to reduce N runoff. The use of unfertilized buffers has been reported as an alternative to minimize the negative effects of rotational grazing management on N loads in runoff (Lovell and Sullivan, 2006) .
Conclusions
Although the concentrations and loads of N and TOC in runoff water from pastures varied with grazing management over the course of this 12-yr study, both unfertilized buffer strips and fenced riparian buffers effectively reduced edge of field losses of these parameters. The greatest portion of TN in runoff was generally in the organic N form. Nitrogen loading in all its forms was variable, as runoff and precipitation fluctuated. Overall, highest TOC and N concentrations and loads (TN, organic N, were observed for the rotational grazing system, suggesting that this management practice does not reduce N runoff from pastures compared with continuous grazing. The implementation of a simple unfertilized buffer strip or a fenced unfertilized riparian buffer reduced N loads in runoff from fields under a rotational grazing management by 44 and 54%, respectively. Converting rotational grazing pastures to hayfields reduced N runoff by 52%. 
